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Slender structures in nature, for example, from leaves, petals to proteins and DNA, usually tend to fold or roll into diverse three-dimensional confi gurations. Beyond changing the size and form, folding and rolling can transform relatively simple structures into complex shapes with new and distinct properties. Mimicking these naturally occurring assembly processes by thinning, shaping, and rolling artifi cial free sheets can be implemented to create novel 3D fi ne structures and devices at small scales. [1] [2] [3] [4] [5] A sheet of paper can be easily rolled up by external force, while the rolling of a nanomembrane (a thin solid fi lm with thickness below 100 nm), [ 1 , 2 ] is usually driven by internal strain. [ 6 ] Such 3D nanomembranes, with combination of low-dimensional characteristics and unique mechanical features, are well documented as innovate building blocks in, for example, fl exible electronics, [ 7 ] energy storage, [ 8 ] optical resonators and metamaterial fi bers, [ 9 , 10 ] microfl uidics, [ 11 ] biosensors, [ 12 ] and self-propelled micromachines. [ 13 , 14 ] However, the scalability of strain-engineered 3D structures is still constrained by the magnitude of intrinsic stress that can be built in the nanomembranes. Moreover, the stress releasing process for the rolling of nanomembranes always involves a sacrifi cially wet etching, which tends to bring damages to the fabricated fi ne structures and complexity for processing. Furthermore, it is still challenging but extremely attracting to build hybrid 3D nanostructures with tailored surface chemistry and nano-topography. Here, we demonstrate a dry-releasing approach to roll up nanomembranes into micro-/nanotubes by burning of sacrifi cial layers. With the assistance of dewetted nanoparticles, surface tension of metal droplets can drive the radii of rolled-up tubes into nanometer scale with ultrahigh aspect ratio. Similar to chaperones fold proteins with functional biological properties, [ 15 ] a large loading of Pt nanoparticles with tailored sizes and distributions in the walls enable such nanoengines made of rolled-up nanotubes working as high-speed catalytic nanoengines in a fuel solution. Compared to normal catalytic tubular nanoengines (based on an inner continuous Pt fi lm), the nanoparticle-coated nanoengines exhibit a four-fold acceleration due to their large specifi c surface areas and enhanced mass transfer of the peroxide fuel toward the catalytic Pt nanoparticles, analogous to the behavior of nanoelectrode arrays/ensembles. [ 16 ] Our results also indicate that guided rolling and folding a thin substrate can allow a reproducible construction of functionalized complex and fi ne structures.
Generally, in order to fold or roll a sheet on a support, energy minimization or strain release, which could be extrinsic or intrinsic, is required to bend the fl at structure out of the plane. At macro or millimeter scale, active actuations such as pneumatics, [ 17 ] magnetic forces, [ 18 ] thermal treatment, [ 19 ] and bio muscular actuation [ 20 ] are straight forward to curve fi lms with mill-to micrometer scale radii (case I in Figure 1 a) . When the sheet is thinning down to the nanometer scale, its bending behavior sensitively depends on the built-in strain gradient across the fi lm thickness. Structure deformation triggered by the intrinsic strain can be deterministically engineered for 3D nanomembrane production (case II in Figure 1 a) . [ 21 , 22 ] An example of strain-engineered SiO/SiO 2 microtube is displayed in the Figure 1 b. In this case, built-in strain in a bilayer is mainly created by their different thermal expansion properties or lattice mismatch using conventional deposition methods. Due to the limitation of intrinsic strain that can be built, rolledup tubes with small radii at nanoscale are still challenging for such strain-engineered self-assembly. Additionally, a couple of issues associated with strain releasing processes, such as wetetching and capillary induced adhesion, usually tend to bring defects and damages to the suspended 3D nanostructures and render the devices useless. On the other hand, as solid fi lms get thinner, surface-induced forces like surface tension of metal droplets become dominant and are expected to play an important role in determining the curvature of nanomembranes. [ 23 , 24 ] Alternatively, it is anticipated that the wetting interaction of nanodroplets can be used to tailor the shape of nanostructures. Our approach is taking advantages of the surface tension of metal nano-droplets (i.e., particles when cooling down) associated with the built-in strain in nanomembranes (case III in Figure 1 a), and thus, this new type of self-rolling driven by the cooperation of strain relaxation and surface force is utilized to create extremely nanoscale rolled-up tubes (i.e., nanotubes) from fl at nanomembranes. As one can see the scanning electron microscopy (SEM) image in Figure 1 c, with the same nanomembrane thickness (20 nm) of the microtube in Figure  1 b, a SiO/SiO 2 nanotube with diameter of ≈ 800 nm is rolled up here, where the inner surface of the nanotube is coated with Au nanoparticles. The wetting interactions between these nanoparticles working as nanodroplets and nanomembranes during thermal annealing process bring a considerable surface tension for their rolling, and hence overcome the deformation limit to get very small radius of rolled-up nanotubes.
As displayed in Figure 2 a, we fi rstly deposit a thin metal layer ( < 10 nm, labeled as yellow) on the top surface of pre-strained bilayered nanomembrane (labeled blue and violet), while the underneath PMMA polymer is used as a sacrifi cial layer (not displayed here). The sample was then treated by rapid thermal annealing (RTA) in N 2 environment to trigger the dewetting of the gold layer. This thermal dewetting process starts from stretching the liquid gold fi lm to separated islands, responding to the surface tension between the metal nanodroplets and the nanomembrane. Simultaneously, the nanomembrane was released from the support due to the burning-up of PMMA in this annealing process. During this thermal releasing and dewetting process, the surface tension of the nanoparticles and the intrinsic strain relaxation in nanomembranes both contribute to the nanomembrane rolling. Consequently, we can achieve rolled-up nanotubes with nanoscale diameters 
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nanotubes are featured with better uniformity and large lengthdiameter ratio (up to 10 5 ), which is quite adaptable as candidates for nanofl uidics channels as well.
Tailoring and scaling of 3D nanostructures self-assembly need a precise control of the forces at nanoscale. Our interest in the nanoparticle-assisted assembly process was provoked by the fi nding that these dewetting metal nanoparticles confi ned in large nanomembranes also exhibit surface stress and do compress nanotubes with very small radii. To explain the rolling process and identify its governing parameters, a mechanical model has been developed here. When a fl at thin fi lm is completely covered by a large droplet, the surface tension of the droplet bends the fi lm and the fi lm starts to wraps up into a 3D capillary-induced origami. [ 27 ] However, due to the competition between capillary force and bending barriers, the wrapping of thin fi lms can take place only when the volume of the droplet is larger than a critical value. [ 28 , 29 ] Recently, the molecular dynamics simulations theoretically predict that a nanodroplet can guide and activate graphene folding but is only feasible for graphenes with several nanometers size. [ 30 ] Nevertheless, it is valuable to note that, though it is unable to fold or wrap a large fi lm by a small droplet, the surface tension of a droplet still bring localized elastic deformation of a fl exible thin fi lm. [ 31 ] When the thin fi lm is covered by a considerable number of nanodroplets, the resultant surface tensions of these nanodroplets would properly contribute to the thin fi lm deformation, as demonstrated here. decorated with self-assembled gold nanoparticles, whose size can be tuned by the annealing time and temperature.
This process was exemplifi ed by annealing the SiO/SiO 2 /Au (5/5/3 nm) nanomembrane at 500 ° C for 10 s and 30 s. The surfaces morphology of the fl at nanomembrane and corresponding rolled-up nanotubes are shown in Figure 2 b,c (annealed for 10 s) and Figure 2 d,e (annealed for 30 s). After annealing for 10 s, the gold fi lm becomes discontinuous and the nanoislands with irregular shape are formed on the surface of nanomembranes. Meanwhile, the nanomembranes are rolled up into nanotubes with a diameter of ≈ 600 nm and the gold nanoislands are enclosed in the tube. Figure 2 d,e clearly shows that the gold fi lm is ruptured into nanoparticles when the annealing time was increased from 10 s to 30 s. The nanotubes formed here have a diameter of ≈ 300 nm, which is only ≈ 3 times larger than the diameter of the Au nanoparticles enclosed in the tube walls. A uniform and long Au nanoparticle-coated SiO/SiO 2 nanotube is displayed in Figure 2 f. The nanotube can reach a length of almost one centimeter and still hold a good uniformity in diameter ( ≈ 200 nm). In Figure 2 g, energy dispersive X-ray (EDX) spectrum analysis results of released nanomembranes demonstrate the presence of gold nanoparticles and the absence of carbon, which indicates that the PMMA is completely removed by the rapid thermal annealing (i.e., burning in a very dilute oxygen gas in N 2 environment). Importantly, a signifi cant advantage of this approach is using a single-step dry process without wet etching to release strained layers and subsequent rinsing, which thus prevents the released micro or nanostructures from sticking on substrates and collapse by themselves due to the liquids inside the tubes.
It is known that noble metal nanoparticles, especially for gold, silver, and platinum, exhibit unique physical and chemical properties such as localized plasmon resonance and high catalytic activity. To demonstrate the generalization of this particleassisted rolling approach, rolled-up SiO/TiO 2 nanomembranes coated with a series of noble metal layers are presented in Figure 3 : a) gold nanoparticles, b) silver nanoparticles, c) gold/ silver alloy nanoislands, d) platinum nanoparticles. It is found that while a single metal layer tends to form nanoparticle array after thermal dewetting, the alloy metal layer usually prefers to form a nanoporous network, as displayed in Figure 3 c. The surface morphology of the nanotube can be also modifi ed by choosing different metal layer thickness, dewetting time and temperature. To achieve their radii down to 100-1000 nm is challenging under an equal thickness if only using their intrinsic strain, no matter in highly stressed metal fi lms such as chromium whose tensile stress can be up to 1.6 GPa, [ 25 ] or epitaxial semiconductor layers grown by molecular beam epitaxy (MBE) method. [ 26 ] As far as we know, it is hard to get rolledup oxide tubes with diameter below one micrometer based on normal evaporation deposition methods, although atomic layer deposition can do it but only with a layer thickness of two monolayers. A transmission electron microscope (TEM) image of a Pt nanoparticle-coated nanotube is shown in Figure 3 e. It is obvious that the tube with one rotation reveals Pt nanoparticles with uniform size (around 30 nm, left image), while that with two or more rotations presents overlap of the particles in the walls (right image), which implies the excellent capability of loading functional particles. Besides, our particle-coated various metal nanoparticles and different thickness, while strain-engineered microtubes released by thermal delamination without the thermal dewetting of metal layers are also prepared for reference. Two mostly stressed materials SiO and Qualitatively, during nanomembrane releasing and nanoparticle dewetting, the increase of elastic energy due to rolling is balanced by the nanodroplets surface energy and initial strain relaxation. The competition among the surface tension γ , the initial bilayer stain difference Δ ε and the bending stiffness D is supposed to determine the fi nal shape of the nanomembrane after rolling transition. Consider a fl at nanomembrane, as illustrated in a two-dimensional model in Figure 4 a, the energy required to bend it out of a plane is related to its rigidity. According to the theory of elasticity, [ 32 ] the bending energy is
Where
] is the bending stiffness, B is the Young's modulus, with v the Poisson's ratio and h the nanomembrane total thickness. During the thermal annealing, the elastic energy built in the nanomembrane is released and the resulted bending moment per unit width of the nanomembrane is
To examine the rolling behavior of a nanomembrane coated with nanodroplets, one need to know the capillary force produced by all the nanodroplets. For a single nanodroplet, the capillary torque due to the surface tension γ and Laplace pressure P along the rolling line is M C = 2 γ sin θ R d 2 / 3 . [ 28 ] Assuming that all the nanodroplets on the nanomembrane are with the same radius R d and contact angle θ , for a given particle density per unit area n , the total capillary torque of all the nanodroplets is M ′ C = n 1/2 2 γ sin θ R d 2 / 3 in a 2D equilibrium state. Here we defi ne a dimensionless number α = M ′ C / M S , which describes the bending contribution of the nanodroplets-induced capillary torques comparing to the bending moment of the intrinsic strain. At a critical position after rolling up, the energy change due to strain relaxation and the capillary force is
Thus the fi nal tube curvature radius will be expressed as
which is relative to the nanoparticle properties and the nanomembrane parameters. The contour plot of Figure 4 b shows the scaling law of the nanoparticle-assisted nanomembrane rolling, in terms of the SiO/TiO 2 (3/3 nm) tube radius as a function of the Ag nanoparticle size and density. Here, the boundary condition n π R d 2 < 1 gives the smallest tube can be obtained by this approach. Such mechanical model predicts that small tubes with radius smaller than 100 nm can be obtained with the assistance of the surface stressing from nanoparticles. The inset in Figure 4 b shows the maps of SiO/ TiO 2 tube rolling radius as functions of three different total thickness of nanomembrane h , with varying nanoparticle size R d and density n . As expected, at a smaller nanomembrane thickness h , the radius of curvature exhibits a much stronger dependence of particle properties. According to our theoretical prediction, we quantitatively demonstrate the scalability of particle-assisted rolling with c) Experimental results of the diameter of SiO/TiO 2 with various noble metal nanoparticles compared to those of normal strain-engineered microtubes without nanoparticles. Solid line is an approximate prediction based on our measured particle parameters and simple model (see the text). The color mapping indicates the particle-assisted scaling ratio ( α
dramatical enhancement of the device performance based on 3D nanomembrane. We demonstrate that the rolled-up nanotubes integrated with Pt nanoparticles show great potential in powerful catalytic nanoengines, with its large surface and ultrasmall size. Catalytic micro-/nanoengines can self-propel by consuming chemical fuels and perform complex tasks, such as dynamic tiny cargo transportation and separation, [ 33 , 34 ] by catalytic decomposition of chemical fuels, for example, hydrogen peroxide (H 2 O 2 ). Powerful micro-/nanoscale engines moving with fast speed and strong self-generated force are quite essential for their performance in drug delivery and environmental applications. [ 13 , 35 ] Applying the above particle-assisted rolling, Pt-nanoparticle-coated nanotubes are fabricated to work as nanoengines. Figure 4 c, associated with an approximate theoretical curve calculated from our experimental nanoparticle parameters. The particle-assisted scaling ratio ( α 2 + 1) 1/2 which is defi ned by the tube radius ratio of tubes without nanoparticles and with nanoparticles, is also indicated by the color mapping here. From our experimental results, the diameter of the particle-coated tubes rolling from 6 nm nanomembrane is ≈ 7 times smaller than those strainengineered tubes without particles. Due to the strong dependence of the nanomembrane stiffness on thickness, the surface force of the nanoparticle is becoming dominated over built-in strain when reducing the nanomembrane thickness. Differing from capillary wrapping by a large droplet, our results indicate that the surface forces produced by the nanodroplet group play a critical role in deterministic nanomembrane assembly. This effect is quite promising for deterministic self-folding and rolling of 2D materials, such as organic monolayers, carbon nanosheets and semiconductor nanomembranes.
The nanoparticles enclosed in the tubular structures with excellent physical and chemical properties may lead to a d) The dependence of the speed of tubular engines on the tube geometry (2 L/R ) in a 5% H 2 O 2 aqueous solution (normalized) at room temperature: this work (red column) and typical experimental data (grey squares and columns) extracted from literature. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] The dashed line is a theoretical data based on Equation 5 . normalized H 2 O 2 concentration of 5% since both Equation 4 and the previous study [ 36 ] show that the speed is nearly linear to H 2 O 2 concentration in a moderate range. One can see that catalytic engines in most experimental studies display the speed variation with those results predicted by Equation 5 . We should stress that various fuel compositions (e.g., bio-medium or surfactant) used in the experiments may signifi cantly infl uence the gas production, leading to huge deviation of m compared with the value used in our calculation. And the inevitable imperfection existed in the tubular structures may also deteriorate the dynamic interaction, decelerating the micro-/nanoengines. On the other hand, the red line corresponding to current nanoparticle-decorated nanoengines shows an obvious increase in the motion speed which can be attributed to the increased reaction activity from a large amount of dispersed catalytic nanoparticles on the inner surface of the tubular cavity. These powerful Ptnanoparticle embedded nanoengines with fast speed and small size are highly desirable for delivery carriers within biomedical systems.
In conclusion, deterministic self-assembly, demanded in nanotechnology, needs a highly precise control of driving forces and energy minimization at the nanoscale, which has been applied in the macro-level, for example, capillary origami and 3D devices. [ 27-29 , 31 ] We utilize dry-releasing approach via rapid thermal annealing and manipulate the surface tension of nanodroplets to assist the rolling of strained nanomembranes, and thus push the downscale limitation of rolled-up tubes. The capillary torque generated by the nanoparticles on the nanomembrane surface can effi ciently reduce the diameter of rolled-up tubes and thus overcome the downscale limitation (below 100 nm), which is consistent with our theoretical predication. Furthermore, such small tubes embedded with Pt nanoparticles can work as nanoengines and exhibit a dramatic acceleration in speed compared to those with smooth Pt surface due to enhanced mass transfer and large surface area. Our methodology offers a great opportunity for mechanical deformation, such as folding, bending, buckling, and zipping, in nanoscale self-assembly, [ 2 ] and may enable solid nanomembranes becoming an essential building blocks in fl exible electronics, and lab-on-a-chip micro/nano-electromechanical systems (MEMS/NEMS).
Experimental Section
Fabrication of Pattered 2D Nanomembranes on PMMA : PMMA (5 wt% in O-xylene) was fi rstly spin-coated on silicon substrate. The inorganic layers were deposited on the PMMA polymer by e-beam evaporation and sputtered deposition under high vacuum ( < 10 − 4 Pa). Oxide (SiO, SiO 2 , TiO 2 ) fi lms with various thicknesses of 3 nm, 5 nm, 10 nm, were deposited by e-beam evaporation. Noble metals (Au, Ag, Pt) with different thicknesses of 2 nm, 2.5 nm, and 3nm were deposited by sputtering (ULVAC Mila-3000). A hard shadow mask containing micro square apertures was aligned on the PMMA layer during the deposition process to allow the fast patterning of nanomembranes.
Thermal Delamination : Soft baking of the nanomembranes/PMMA samples at 180 ° C for 10 min was applied to induce the delamination of nanomembranes to form the strain-engineered tube. A detailed process of strain-engineered rolling for a twin-tube array formation was recorded by microscopy video (Supporting Information, Movie 2). the higher the island density that are formed. Similar results are also observed for Au and Ag nanoparticle-coated nanomembranes. As stated above, the annealing process at different temperatures is an effective approach to tailor the sizes and densities of the nanoparticles which may modify catalytic properties of the rolled-up nanomembranes. In order to evaluate the capability of speed enhancement in our nanoparticle-decorated micro-/nano-engines, we make a statistical analysis for all tubular micro/nanoengines reported in the literature. Theoretically, the average speed of the tubular microengines v j ave can be expressed by the following equation:
where m is a rate constant experimentally estimated to be ≈ 9.8 × 10 − 4 m s − 1 . [ 36 ] C H 2 O 2 is the concentration of H 2 O 2 , L is the length of the microengines, and R j and R b are the radii of microengines and gaseous bubbles, respectively. To be simplifi ed, R j and R b are assumed to be equal ( R j = R b = R ), as we did in the previous investigation. [ 36 ] The expression can be further given by defi ning a geometrical parameter X = 2 L / R : 
The above equation suggests that the average speed of the nanoengines is mainly determined by the combined geometrical parameter X once the concentration of H 2 O 2 fuel is fi xed. In order to show a complete image of the whole fi eld, we plotted Equation 5 as dashed line together with results from this work (Pt-nanoparticle coated nanoengines, red column) and typical experimental data (grey squares and columns) extracted from other literatures in Figure 5 d. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] For the sake of clarity, we just summarized the data from micro-/nanoengines working at room temperature. The speeds are also re-calculated at a
